. Their role as incitants of frost injury to sensitive plants has been well documented (1, 3, 11, 13, 14) . Some strains of Pseudomonasfluorescens biotype G Migula (16) and Pseudomonas viridiflava (18) also have ice nucleation activity.
populations of INA bacteria per leaf were 5.14 and 3.51 for leaves with nucleation temperatures of -2.5°C and -3.0°C, respectively. Nucleation frequencies (the ratio of ice nuclei to viable cells) of INA bacteria on leaves were lognormally distributed. Strains from two very different collections of Pseudomonas syringae and one of Erwinia herbicola were cultured on nutrient glycerol agar and tested for nucleation frequency at -5°C. Nucleation frequencies of these bacterial strains were also lognormally distributed within each of the three sets. The tube nucleation test was used to determine the frequency with which individual leaves in an oat canopy harbored large populations of INA bacteria throughout the growing season. This test also predicted relative frost hazard to tomato (Lycopersicon esculentum Mill) plants.
Certain bacteria are active as catalysts for ice formation in supercooled water at temperatures approaching -1L.0C (17) . Most INA2 bacteria belong to either one of two species, Pseudomonas syringae van Hall or Erwinia herbicola (ULhnis) Dye (3, 1 1). These two bacterial species commonly are found as epiphytes on leaf surfaces of a wide range of plant species (12) and in different geographic areas ( 12, 25) . Their role as incitants of frost injury to sensitive plants has been well documented (1, 3, 11, 13, 14) . Some strains of Pseudomonasfluorescens biotype G Migula (16) genotypic property of INA bacteria, not every cell in a given suspension of an INA bacterial strain is likely to serve as an ice nucleus at any given temperature and time (17) . Bacterial ice nucleation frequency (NF = ratio of number of ice nuclei to number of bacterial cells) is dependent on the conditions under which the cells are grown, including composition of the medium and temperature during growth and on the assay temperature itself ( 15) . Nucleation frequency for any set of growth conditions differs among different INA bacterial strains (6, 18) . For example, approximately 45% of 348 P. syringae strains representing 40 pathovars caused nucleation of supercooled water at -5.5°C (6) . The nucleation frequencies of these strains ranged from 10-' (one ice nucleus per 10 bacterial cells) to 10-8. The limit of sensitivity was approximately one ice nucleus per 108 cells.
Frost injury to sensitive plants is a function ofboth the number of INA bacteria present on leaf surfaces and the nucleation frequency of those bacterial cells (15) . Under growth chamber conditions, the nucleation frequency of P. syringae isolate no.
31 was 10-6 to 10-' at -4°C, 36 h after it was applied to corn seedlings. Under optimal conditions on nutrient glycerol agar medium, however, the nucleation frequency of isolate no. 31 was approximately 10-2 at -5°C; 103 to 105 times higher than that measured for cells growing on corn leaf surfaces in the growth chamber. Nucleation frequencies at -5°C for INA bacteria associated with bulked samples of potato, tomato, almond, and pear leaves ranged from 10-2 to 10-4 as determined by a droplet freezing assay of leaf washings (10) . However, these average values of NF determined from bulked samples of several field-grown leaves may not be particularly representative of bacterial nucleation frequencies within a population ofindividual leaves, since population sizes of INA bacteria may vary by >1000-fold from one individual leaf to another (7) .
In this report, we describe a method for determining the temperatures at which ice nucleation will occur on individual leaves. RESULTS AND DISCUSSION Duration of Incubation. A 1-h incubation at each temperature was arbitrarily used for initial experiments. We noted, however, that most of the nucleation events had occurred in the first few minutes of incubation at each test temperature. Time course experiments were conducted to determine if the incubation times could be shortened. In the experiment illustrated in TableI, individual bean leaflets were placed in a bath maintained at -2.5°C. The number of tubes in which a nucleation event had occurred was counted at various times. Ninety-five% of the nucleation events that occurred during the 4-h long incubation period were detected within the initial 30 min of incubation. In a second experiment (TableII), a set of 180 leaflets was placed directly into a -3.0C bath and held there for 30 min. The total length of time at which this set of leaflets was at subzero temperatures was 32 min. A second set of 180 leaflets was subjected to 30-min incubations at a series of decreasing temperatures such that the leaflets were at subzero temperatures for approximately (Fig.   1 ). Nucleation events associated with these oat leaves did not occur until temperatures approached -4.0°C to -5.0°C in each of two separate experiments. In the first trial, 1.4% of a total of 500 leaves froze by -4.0°C. In the second trial, no leaves of 400 tested froze at -4.0°C (Fig. 1) . A nucleation event occurred on each of two leaves by -5.0°C. No INA bacteria were detected by dilution plating on any of a subsample of these leaves. Since our limit of detection for these bacteria was -100 CFU/leaf, none of the leaves tested had populations of INA bacteria that exceeded 100 CFU/leaf.
Leaves or leaflets from growth-chamber grown corn and tomato plants were also assayed by the tube nucleation test. Nucleation events near -5°C were detected at frequencies of about 0.7% for corn (i.e. two of 299 leaves froze by -4.5 to -5C) and about 0.9% for tomato (i.e. one of 116 leaflets froze by -4.5°C).
Other workers have reported threshold nucleation temperatures ofleaf tissue in the absence ofINA bacteria. Results include: -4°C and -5°C for growth-chamber-grown tomato and soybean plants, respectively (1); -6.9 to -8.1C for various Solanum species (20); -6.0°C for corn (10); and -8 to -9°C for pumpkin, barley, and tomato (13) . Thus, evidence is growing that in the absence of INA bacteria, nucleation events on or in leaves occur very infrequently at temperatures greater than approximately -5°C. Pathovars of P. syringae are known to be seed borne in many plant species, including tomato, oats, and soybeans. Taken together with the difficulty of detecting very low populations of bacteria (e.g. one to ten) associated with a leaf, it is difficult to Figure 2 where INA bacterial population sizes, expressed as logio CFU/leaf, are plotted on a cumulative probability scale (see Ref. 4) . (A straight line on this scale is indicative of a normal distribution. Since log1o transformed data were plotted, these data can be said to approximate a lognormal distribution, as expected [7] .)
Among the 90 leaves, population sizes of INA bacteria ranged from less than 100 CFU/leaf (i.e. none detected), to greater than 10 million CFU/leaf. The overall mean and variance of the lognormal distribution were 3.60 and 1.18, respectively. When the INA bacterial population sizes on this set of 90 oat leaves were grouped according to the temperature at which nucleation occurred on the associated leaf, the bacterial population frequency distribution within each temperature group also approximated a lognormal (Fig. 3) . The mean and variance of INA Table III . From the cumulative probability plots (Fig. 3) For a nucleation event to occur on a leaf at temperatures below -4 to -5°C, the presence of INA bacteria does not appear to be necessary. Taken together with the ice nuclei intrinsic to plants at temperatures below -5C discussed above, the implication with regard to frost protection, is that under optimal conditions a reduction of INA bacterial populations on leaf surfaces to very low (i.e. undetectable) levels may allow approximately 2 to 3 degrees of protection (i.e. from -2 to -4 or -5°C) on plant species that have intrinsic nuclei active at about -5C.
Distribution of Ice Nucleation Frequencies among INA Bacteria on Oat Leaves and in Culture. Bacterial ice nucleation frequency at a given temperature is the ratio between the number of ice nuclei and the number of bacterial cells (13) . We can begin to estimate nucleation frequencies of INA bacteria on individual leaves from the data obtained by the sequential testing for leaf nucleation temperature and INA bacterial population size on the same set of leaves. In the tube nucleation test, what we actually detect is a nucleation event. If a nucleation event occurs at a given temperature on a given leaf, we know that at least one ice nucleus that was sufficiently efficient to be active at the test temperature was associated with that leaf. More ice nuclei may be present that might be active at the test temperature. We can only detect the presence of at least one. Thus, the number of ice nuclei present on a given leaf may be underestimated. The narrower the temperature range between test temperatures, the more likely it will be that a single nucleation event will represent the effect of a single ice nucleus. If we assume that each nucleation event represents only one ice nucleus, then the nucleation frequency on each individual leaf will be represented by the reciprocal of the number of INA bacteria present on that leaf. Since INA bacterial populations followed a lognormal distribution among individual oat leaves within a test temperature range (cf. Fig. 3 ), bacterial nucleation frequencies among these individual leaves can also be said to be lognormally distributed. From Table III Seventy-seven putative strains of E. herbicola also from various plant species in Wisconsin. All strains were tested for ice nuclea- tion activity at -5°C and -10C to measure ice nuclei active in regions I (-2 to -4°C) and II (-7.5 to -9°C) (13 Table IV . Nucleation events at -2.5°C occurred on less than 5% of the leaflets per treatment. Apparently, relatively low levels of INA bacteria were present on those leaflets. The frequency with which leaflets froze increased with decreasing test temperature. On October 5, 1979, a light radiation frost occurred. The correlations between percentage of leaflets frozen at each of the assay temperatures and percentage ofleaves injured under the natural frost, 3 d later, were significant for -3, -3.5, and -4.O°C. Thus, the tube nucleation test may be useful in assessing the frost hazard to sensitive crops.
